Fast generation of entangled photon pairs from a single quantum dot
  embedded in a photonic crystal cavity by Pathak, P. K. & Hughes, S.
ar
X
iv
:0
90
6.
30
35
v1
  [
co
nd
-m
at.
me
s-h
all
]  
16
 Ju
n 2
00
9
Fast generation of entangled photon pairs from a single quantum dot embedded in a
photonic crystal cavity
P. K. Pathak and S. Hughes
Department of Physics, Queen’s University, Kingston, ON K7L 3N6, Canada
(Dated: October 31, 2018)
We present a scheme for the fast generation of entangled photons from a single quantum dot
coupled to a planar photonic crystal that support two orthogonally polarized cavity modes. We
discuss “within generation” and “across generation” of entangled photons when both biexciton to
exciton, and exciton to ground state transitions, are coupled through cavity modes. In the across
generation, the photon entanglement is restored through a time delay between the photons. The
two photon concurrence, which is a measure of entanglement, is greater than 0.7 and 0.8 using
experimentally achievable parameters in across generation and within generation, respectively. We
also show that the entanglement can be distilled in both cases using a simple spectral filter.
PACS numbers: 03.65.Ud, 03.67.Mn, 42.50.Dv
I. INTRODUCTION
Entangled photons are an essential resource for var-
ious quantum information processing protocols1,2, such
as quantum cryptography3 and quantum teleportation4.
The entangled photons employed in most experiments to
date have been generated using parametric down conver-
sion5,6. However, recent developments of scalable quan-
tum systems7 will require a scalable “on demand” source
of entangled photons.
With regard to suitable material systems for on
demand photon sources, there has been considerable
progress for developing entangled photon sources us-
ing single quantum dots (QDs)8,9,10,11,12,13. In semi-
conductor QDs, entangled photons are generated in a
biexciton-exciton cascade decay. However, the entan-
glement between the generated photons is limited by
inherent cylindrical asymmetries and various dephasing
processes14,15,16. The cylindrical asymmetries produce
fine structure splitting (FSS) in the exciton states17; as
a result, the emitted x−polarized and y−polarized pho-
ton pairs become distinguishable in frequencies, and the
entanglement between the photons is largely destroyed.
Several methods have been employed to minimize the
detrimental effects of FSS on generated photons, for ex-
ample, by spectrally filtering the indistinguishable pho-
ton pairs8, by applying external fields to suppress the
FSS9,10, by thermal annealing the QDs11, by selecting
QDs with smaller FSS12, and by using temporal gates13.
In all of these approaches, the photons of different po-
larizations, generated within the same generations, are
forced to match in their frequencies.
An interesting alternate approach, insensitive to FSS,
has been proposed recently, which suppressing the bind-
ing energy of the biexciton18,19,20. For a zero bind-
ing energy of the biexciton, photons of different polar-
izations match in energy in “across generations” (see
Fig. 1). Because of the different ordering in the emis-
sion for x−polarized and y−polarized photon pairs, the
photons are distinguishable temporarily and remain un-
entangled, but the entanglement can be restored using a
time delay between photons of different generations.
The effects of dephasing in the generated entangled
state of photons can be minimized significantly by en-
hancing the emission rates of photons through the Pur-
cell effect in a system comprised of a QD coupled with
a microcavity. Several experiments have also demon-
strated single QD strong coupling to semiconductor cav-
ities21,22,23. Recently, Johne et al. 24 proposed a cavity-
QED scheme for generating entangled photons in the
strong coupling regime. In their scheme, excitons are
strongly coupled with cavity modes and form degener-
ate polariton states25. A formal theory of this scheme,
including exciton and biexciton broadenings, has been re-
ported by us26. However, one drawback of the proposed
scheme is that because of the large binding energy, the
biexciton remains uncoupled with cavity modes and thus
the first generation of photons has a long life time. In
this paper, we propose a scheme for the fast generation
of entangled photons from a single QD, by manipulating
the binding energy of the biexciton such that both biexci-
ton to excitons and excitons to ground state are coupled
with two cavity modes of orthogonal polarization. Ex-
Within generation Across generation
FIG. 1: (Color online) Schematic of the resulting energy
level diagram for cavity-QED assisted generation of entan-
gled photons in the biexciton-exciton cascade decay after ma-
nipulating the binding energy of biexciton (∆xx → 0). The
biexciton state |u〉 decays to the ground state |g〉 via inter-
mediate exciton state |x〉 or |y〉, creating an x−polarized or
y−polarized photons in the cavity modes. The x−polarized
and y−polarized cavity modes are coupled with the |u〉 → |x〉,
|x〉 → |g〉 and |u〉 → |y〉, |y〉 → |g〉 transitions, respectively.
2perimentally, manipulation of the binding energies of the
biexciton has been reported by applying lateral electric
field18 and by thermal annealing11. In this proposed fast
generation schemes introduced below, we discuss both
“across generation” and “within generation” of entangled
photons.
This paper is organized as follows. In Sec. II, we
present a formal theory of a single QD coupled to a pla-
nar photonic cavity cavity. The cavity-assisted across
generation of entangled photons is discussed in Sec. III.
In Sec. IV, the cavity-assisted within generation of en-
tangled photons is studies. In section V, we present our
conclusions. In the appendix, we show a derivation for
the dressed states of the biexciton.
II. THEORY
We consider a QD embedded in a photonic crystal (PC)
cavity having two orthogonal polarization modes of fre-
quencies ωxc and ω
y
c , which can be realized and tuned
experimentally using electron-beam lithography and, for
example, AFM oxidization techniques27. The exciton
states, |x〉 and |y〉, have FSS δx. The cavity modes
are coupled with the biexciton to exciton and exciton
to ground-state transitions, by manipulating the biexci-
ton binding energy11,18. The schematic arrangement of
the system is shown in Fig. 1.
The Hamiltonian for the system of QD coupled with
two-modes in PC-cavity, in the interaction picture, can
be written as
HI(t)
h¯
= gx1 |x〉〈g|aˆxc ei∆
x
c
t + gx2 |u〉〈x|aˆxc ei(ωux−ω
x
c
)t + gy1 |y〉〈g|aˆycei∆
y
c
t + gy2 |u〉〈y|aˆycei(ωuy−ω
x
c
)t
+
∑
m 6=c
Ωxmaˆ
x†
c aˆ
x
me
i(ωx
c
−ωm)t +
∑
m 6=c
Ωymaˆ
y†
c aˆ
y
me
i(ωy
c
−ωm)t +H.c., (1)
where ωux = ωu − ωx, ωuy = ωu − ωy, ∆xc = ωx − ωxc ,
∆yc = ωy − ωyc , and aˆij are the field operators with aˆxc
and aˆyc the cavity mode operators. Here, Ωxm, and Ωym
represent the couplings to the environment from the cav-
ity mode; gij are the coupling strength between the exci-
ton/biexciton and cavity mode; ωim are the frequencies of
the i−polarized photons emitted from the cavity mode,
and ωu, ωx, ωy are the the frequency of the biexciton
and excitons, respectively. We consider a system that is
optically pumped in such a way as to have an initially-
excited biexciton, with no photons inside the cavity, thus
the state of the system at any time t can be written as
follows:
|ψ(t)〉 = c1(t)|u, 0, 0〉+ cx2(t)|x, 1, 0〉+ cy2(t)|y, 0, 1〉+ cx3(t)|g, 2, 0〉+ cy3(t)|g, 0, 2〉
+
∑
m
cx4m(t)|x, 0, 0〉|1m〉x|0〉y +
∑
m
cy4m(t)|y, 0, 0〉|0〉x|1m〉y +
∑
m
cx5m(t)|g, 1, 0〉|1m〉x|0〉y
+
∑
m
cy5m(t)|g, 0, 1〉|0〉x|1m〉y +
∑
mn
cxmn(t)|g, 0, 0〉|1m, 1n〉x|0〉y +
∑
mn
cymn(t)|g, 0, 0〉|0〉x|1m, 1n〉y. (2)
The different terms in the state vector |ψ〉 represent, re-
spectively: the dot is in the biexciton state with zero
photons in the cavity; the dot is in the exciton state with
one photon in the x-polarized cavity mode; the dot is
in the exciton state with one photon in the y-polarized
cavity mode; the dot is in ground state with two pho-
ton in x-polarized cavity mode; the dot is in the ground
state with two photons in y-polarized cavity modes; and
the additional possible terms due to leakage of photons
from the cavity modes to the reservoirs; the suffixs to the
reservoir kets represent their polarization.
By using the Schro¨dinger equation, applying the
Weisskopf-Wigner approximation29,30,31, and introduc-
ing biexciton and exciton broadenings, we derive the
3following equations of motion for the probability ampli-
tudes:
c˙1(t) = −igx2cx2(t)ei(ωux−ω
x
c
)t − igy2cy2(t)ei(ωuy−ω
y
c
)t
−γ1c1(t), (3)
c˙α2 (t) = −igα2 c1(t)e−i(ωuα−ω
α
c
)t − igα1
√
2 cα3 (t)e
i∆α
c
t
−κcα2 (t)− γ2cα2 (t), (4)
c˙α3 (t) = −igα1
√
2cα2 (t)e
−i∆α
c
t − 2κcα3 (t), (5)
c˙α4m(t) = −igα1 cα5mei∆
α
c
t − iΩ∗αmcα2 e−i(ω
α
c
−ωm)t
−γ2cα4m(t), (6)
c˙α5m(t) = −igα1 cα4me−i∆
α
c
t − iΩ∗αm
√
2 cα3 (t)e
−i(ωα
c
−ωm)t
−κcα5m(t),
c˙αmn(t) = −iΩ∗αncα5me−i(ω
α
c
−ωn)t, (7)
where α = x or y, κ = π|Ωxm|2 = π|Ωym|2 is the half
width of the cavity modes (assuming uniform and equal
coupling for x and y), and γ1, γ2 are the half widths of
the biexciton and exciton levels, respectively. We note
that γ1 and γ2 can include both radiative and nonradia-
tive broadening, and for QDs, γ1 ≈ 2γ2. We next solve
Eqs.(4)-(7) to obtain cxmn and c
y
mn, using the Laplace
transform method. The probability amplitudes for emis-
sion of a photon pair, in the long time limit, are
cxmn(∞) =
gx1Ω
∗
xn(ωm + 3ωn − 2ωx − 2ωxc + 2iκ+ 2iγ2)
(ωn − ωx + iγ2)(ωn − ωxc + iκ)− (gx1 )2
×g
x
2Ω
∗
xmFy(ωm, ωn)
D(ωm, ωn)
, (8)
cymn(∞) =
gy1Ω
∗
yn(ωm + 3ωn − 2ωy − 2ωyc + 2iκ+ 2iγ2)
(ωn − ωy + iγ2)(ωn − ωyc + iκ)− (gy1 )2
×g
y
2Ω
∗
ymFx(ωm, ωn)
D(ωm, ωn)
, (9)
where
Fα(ωm, ωn) = 2(g
α
1 )
2 − (ωm + ωn − ωα − ωαc + iκ+ iγ2)
(ωm + ωn − 2ωαc + 2iκ), (10)
D(ωm, ωn) = (ωm + ωn − ωu + iγ1)FxFy
+(gx2 )
2Fy(ωm + ωn − 2ωxc + 2iκ)
+(gy2)
2Fx(ωm + ωn − 2ωyc + 2iκ). (11)
The optical spectrum of the generated x-polarized
photon-pair is given by S(ωm, ωn) = |cxmn(∞)|2, and
the spectrum for y-polarized photon pair is given by
S(ωm, ωn) = |cymn(∞)|2. The spectral functions,
S(ωm, ωn), represent the joint probability distribution,
and thus the integration over the one frequency variable
gives the spectrum at the other frequency. For example,
the spectrum of the first generation of photons emitted
via cavity mode is given by S(ωm) =
∫∞
−∞
S(ωm, ωn) dωn,
and the spectrum of second generation of photons is
S(ωn) =
∫∞
−∞
S(ωm, ωn) dωm.
From the above discussion, the state of the photon pair
emitted from both the cavity modes is given by
|ψ〉 =
∑
m,n
cxmn(∞)|1m, 1n〉x +
∑
m,n
cymn(∞)|1m, 1n〉y ,(12)
where in each term the ket represents the state of the cav-
ity mode reservoirs, and the ket suffix labels the polariza-
tion. The coefficients cαmn(∞) are given by the analytical
expressions described through Eqs. (8) and (9).
III. CAVITY-ASSISTED “ACROSS
GENERATION” OF ENTANGLED PHOTONS
In the previous section, we have derived expressions for
the final state of the photons generated in the biexciton-
exciton cascade decay through leaky cavity modes. De-
pending on the coupling strength and detunings of the
cavity modes from the transition frequencies in QD, the
emitted x−polarized and y−polarized photons can match
in energies within the same generations or through across
generations. In this section we discuss the case when the
photons match in energy in across generations. The state
of the emitted photon pair is given by
|ψ〉 =
∑
k,l
[cxkl(∞)|1k〉x|1l〉x + cylk(∞)|1l〉y|1k〉y], (13)
where the first and second ket in each term show the
photon of the first generation and the second genera-
tion, respectively; the second term corresponding to the
y−polarized photon pair has the reverse ordering of in-
dices compared to the first term. Although the photons of
different polarizations in different generation could be de-
generate in frequencies, they are distinguishable in order,
namely in time. Thus, for generating entangled photons
it is necessary to make photons temporally indistinguish-
able as well. For erasing the temporal information, pho-
tons of the first generation are delayed by time t0. The
normalized off-diagonal element of the density matrix of
photons, in the polarization basis, is given by
γ =
∫ ∫
cx∗kl (∞)cylk(∞)Wopt(ωk, ωl) dωkdωl∫ ∫ |cxkl(∞)|2 dωkdωl + |cylk(∞)|2 dωkdωl , (14)
where Wopt = exp[−i(ωk − ωl)t0] is an additional phase
generated by the time delay. For t0 = 0, i.e., no time
delay is employed, Wopt = 1, and from Eq. (14) one gets
γ = 0. This shows that the phase Wopt is essential to
erase the temporal information of photon emission from
the state ψ (Eq. 13). For a certain value of delay t0, the
photons of the first generation and second generations
can become indistinguishable and the value of |γ| has a
maximum. We note that the concurrence32, which is a
quantitative measure of entanglement, for the generated
state of photons |ψ〉 is equal to 2|γ|; so |γ| = 0.5 repre-
sents the maximum entanglement.
In order to better understand the results for cavity-
assisted generation of entangled photons we first consider
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FIG. 2: (color online) (a) Optimum value of |γ| corresponding
to a time delay γ2t0 = γ2 ln(1 + γ1/2γ2)/γ1. (b) The value of
|γ| for γ1/γ2 = 2 (black) and for γ1/γ2 → 0 (blue).
the case when the QD is not coupled with the cavity
modes. In that case, the photons are generated in the
spontaneous emission through biexciton-exciton cascade
decay19, and the coefficients c in Eq.(13) are given by
cxkl =
√
γ1γ2/2π2
(ωk + ωl − ωu + iγ1)(ωl − ωx + iγ2) , (15)
cylk =
√
γ1γ2/2π2
(ωk + ωl − ωu + iγ1)(ωk − ωy + iγ2) . (16)
For a QD having zero biexciton binding energy, i.e., ωu =
ωx+ωy, and with a time delay t0, from Eq. (14), one gets
γ =
2γ2e
−2γ2t0
γ1
(1 − e−γ1t0). (17)
From Eq. (17), we notice that γ is maximized for γ2t0 =
γ2 ln(1 + γ1/2γ2)/γ1. Normally for a QD, γ1/γ2 = 2,
and the maximum value of γ is 0.25; so after manipulat-
ing the decay such that γ1/γ2 → 0, the maximum value
of γ = 1/e is obtained. Similar values have also been
reported by simulating correlations within the density
matrix formalism20.
It is important to note here, that the values of |γ| us-
ing a time delay are quite different to the values reported
by Avron et. al.19. The reason for this discrepancy, is
that we have considered an experimentally feasible lin-
ear time delay, while Avron et al. considered a complex
nonlinear time delay that is practically impossible to real-
ize33. Consequently, the maximum value of concurrence
in across generation of entangled photons through time
reordering is 0.73, even after optimally manipulating the
exciton/biexciton line widths. In Fig. 2(a) we show the
dependence of entanglement on the value of γ1/γ2. The
dependence of the off-diagonal element of of photon den-
sity matrix on delay time is shown in Fig. 2(b). For
QDs, γ1 and γ2 have radiative and non-radiative parts,
and generally the nonradiative parts are larger than the
radiative parts. Thus it is not possible to manipulate
the values of γ1/γ2 significantly by changing the decay
rates of the biexciton and excitons34. However, in the
coupld QD - PC cavity system, the radiative halfwidths
of biexciton and excitons can be significantly larger than
their nonradiative half widths, and by tuning the cav-
ity mode frequencies and couplings parameters one can
manipulate the ratio of the biexciton line width to the
exciton line width and thus increase the degree of en-
tanglement. Also, the required delay time for maximiz-
ing the entanglement can be achieved by creating path
differences for photons of selected polarization and fre-
quency. For smaller values of γ2, one must generate
a large optical path difference between photons to re-
alize the appropriate time delays t0, corresponding to
γ2t0 = γ2 ln(1 + γ1/2γ2)/γ1. However, for a QD coupled
with a cavity, the decay rates of the biexciton and ex-
citon could be very large, thus the required delay time
will be significantly small and can be achieved easily in
an appropriate optical delay scheme19.
For across generation of entangled photons, we con-
sider a QD coupled with a PC-cavity when the binding
energy of biexciton is suppressed to zero. We plot val-
ues of |γ| for typical values of cavity couplings and de-
tunings in Fig. 3. For the weak coupling regime, the
radiative decay rates of the exciton states via the cav-
ity modes are given by Γi2 = g
i 2
1 κ/(κ
2 + ∆i 2c ), for
i = x, y. The radiative decay rates for the biexciton state
|u〉 into the exciton states |x〉 and |y〉 are given by Γx1 =
gx 22 κ/[κ
2+(∆xc −δx)2] and Γy1 = gy 22 κ/[κ2+(∆yc +δx)2].
The value of |γ| is larger when the biexciton decay rates
into both exciton states are equal, i.e., Γx1 = Γ
y
1 . For
positive δx = ωx − ωy, if we choose ∆xc negative and ∆yc
positive, the transition |u〉 → |x〉 and |u〉 → |y〉 will be
detuned with cavity modes by −(∆xc + δx) and ∆yc + δx.
Because of the larger detunings, the decay rates of the
biexciton states becomes smaller which enhances the en-
tanglement between the generated photons. In addition,
the ratio Γx1/Γ
x
2 and Γ
y
1/Γ
y
2 is a maximum for cavity mode
frequencies resonant with the excitons, i.e. ∆xc = ∆
y
c = 0,
and for larger values of δx. In Figs. 3(a,c), the cavity
modes are resonant with the exciton frequencies and in-
teract with the QD in the weak coupling regime. The
maximum possible values of |γ| is nearly 0.35 (Fig. 3(c))
which is close to the theoretical maximum value of 0.367.
For the strong coupling regime, the two frequencies of
photons in each polarization become inseparable for small
detunings. However, for larger detunings, when the pho-
tons are spectrally well resolved (see Figs. 3(b,d)), the
decay rates of the biexciton to excitons and the excitons
to the ground state remains nearly the same and the value
of |γ| is around 0.25.
To better understand the physical origin of the spec-
trum of Fig. 3(b), we have analytically calculated the
dressed states of the biexciton and excitons in the ro-
tating frame with frequency ω0, in the strong coupling
regime. We relegate the details of the calculation to
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FIG. 3: (Color online) The “across generation” of entangled
photons when biexciton is also coupled with cavity modes
after reducing binding energy ∆xx = 0meV. On the left,
we consider weak coupling with the cavity modes degener-
ate with the exciton modes, and on the right we consider
strong coupling with the cavity modes detuned with respect
to the exciton modes. The spectrum of the photons S(ω) for
δx = 0.2meV, γ1 = 2γ2 = 0.004meV, κ = 0.05meV, for (a)
gx1 = g
x
2 = g
y
1 = g
y
2 = 0.02meV, and ∆
x
c = ∆
y
c = 0meV, and
for (b) gx1 = g
x
2 = g
y
1 = g
y
2 = 0.1meV, and ∆
x
c = −∆
y
c =
−0.2meV. The x−polarized photons are shown in blue and
the y−polarized are shown in red; also, the solid curves are
for photons generated in the exciton decay and the dotted
curves are for photons generated in the biexciton decay. (c-
d) The values of |γ| corresponding to time delay Γt0, where
Γ = g2κ/(κ2 +∆x2c ). The red (black) curves represent results
for filtered (unfiltered) photons. For (c) the filter function
corresponds to two spectral windows of width w = 0.05 meV,
centered at ωx and ωy, and for (d) the filter function cor-
responds to two spectral windows of width w = 0.03 meV,
centered at ω−x and ω
+
y .
the appendix. For an initial state |u, 0, 0〉, the coupled
cavity-QD system has five dressed states that can be ex-
pressed as the orthonormal superpositions of the bare
states |u, 0, 0〉, |x, 1, 0〉, |y, 0, 1〉, |g, 2, 0〉, and |g, 0, 2〉. For
∆xc = −∆yc = ∆, gx1 = gy1 = g1, and gx2 = gy2 = g2,
the energies of these biexciton dressed states are given
by ω0xx = 0, ω
±
xx = ±
√
A−B, and ω±±xx = ±
√
A+B,
where A = [4g22 + (2δx − 3∆)2 + ∆2 + 8g21 ]/4, and
B =
√
[2g22 +∆(2δx − 3∆)]2 + 8g21(2δx − 3∆)2/2. Af-
ter emitting the first photon via the leaky cavity mode,
the system jumps to the dressed states of the excitons,
which are superposition of either |x, 0, 0〉 and |g, 1, 0〉
or |y, 0, 1〉 and |g, 0, 1〉, depending on whether the emit-
ted photon was x−polarized or y−polarized, respectively.
The frequencies of the exciton dressed states are given
by ω±x = (δx − ∆ ±
√
4g21 +∆
2)/2, ω±y = (−δx + ∆ ±
,0,0g
0
Z
0
xx
Z
xx
xx
Z
Z
 

xx
xx
Z
Z


x
x
Z
Z


y
y
Z
Z


FIG. 4: (color online) The dressed states of biexciton and
exciton for across generation of entangled photons. The upper
five states ωixx are the dressed state of the biexciton and the
lower states ωix, ω
i
y are the dressed state of the |x〉 and |y〉
excitons, respectively. The bold arrows corresponding to the
dominating peaks in the emitted spectrum.
√
4g21 +∆
2)/2. In principle, the first emitted photon
from the dressed states of biexciton can have ten peaks
in the spectrum; however, for the initial state |u, 0, 0〉
and an off-resonant leaky cavity modes, only two peaks
appear in the spectrum corresponding to ω0xx → ω−x and
ω+xx → ω−x for x−polarized and ω0xx → ω+y and ω−xx → ω+y
for y−polarization; other possible transitions are negligi-
ble (see Fig. 4). Further, the peaks corresponding to
ω0xx → ω−x and ω0xx → ω+y dominate completely. The
second photon is emitted from the decay of the dressed
states of excitons and have a two-peak spectrum cor-
responding to frequencies ω±x or ω
±
y . The peaks corre-
sponding to frequencies ω−x for the x−polarized photon
and ω+y for the y−polarized photon are largely dominat-
ing.
Although the value of |γ| is limited by 2/e in across
generation of photons through time delay, nevertheless,
the entanglement can be distilled by using a frequency
filter having two narrow spectral windows of width w
centered at the frequencies of degenerate peaks in the
spectrum of x−polarized and y−polarized photons, say,
ω1 and ω2. Subsequently, the response of the spectral
filter can be written as a projection operator of the fol-
lowing form
F (ωk, ωl) =


1, for |ωk − ω1| < w,
1, for |ωl − ω2| < w,
0, otherwise.
(18)
After operating on the wave function of the emitted pho-
tons (Eq. (12)), by the spectral function F (ωk, ωl) and
tracing over the energy states8, we get the reduced den-
sity matrix of the filtered photon pairs in the polarization
basis. The normalized off-diagonal element of the density
6matrix for filtered photons γ can be computed by inte-
grating over the projection operator of the filter8. One
has
γ =
∫ ∫
cx∗kl c
y
lkWopt(ωk, ωl)F (ωk, ωl)dωkdωl∫ ∫
[|cxkl|2F (ωk, ωl) + |cylk|2F (ωk, ωl)] dωkdωl
. (19)
We show in Figs. 3(c,d) (red curves) that large values of
|γ| can be achieved by using a spectral filter. The higher
values of |γ| are achieved because of the fact that the
photons along the tails in the spectrum do not get time
reordered properly using a linear time delay and thus re-
duce the entanglement. We find that the entanglement
can be distilled by using a frequency filter with two spec-
tral windows centered at the frequencies ωx and ωy for
the weakly coupling case and ω−x and ω
+
y for the strong
coupling case. Again it should be noted that the condi-
tional probabilities after filtering, for generating entan-
gled photon pairs, are very large (80% for Fig. 3(c) and
50% for Fig. 3(d)) because of the fact that photons are
selected around the degenerate spectral peaks not along
the degenerate tails as performed in earlier works8, where
the conditional probabilities are much less (e.g., less than
5% conditional probabilities for 80% concurrence values).
IV. “WITHIN GENERATION” OF
ENTANGLED PHOTONS
For within generation of entangled photons, the
x−polarized and y−polarized photons should match in
energy within the same generations. In this case we con-
sider the exciton states, which have a small but non-
zero FSS, to interact with cavity modes in strong cou-
pling regime so that the system forms degenerate polari-
ton states24,26. Here we extend previous works24,26 by
considering that the biexciton state is also coupled with
the same cavity modes by reducing the binding energy;
however, the biexciton to exciton transition is more off-
resonant so that further splitting in the polariton states
due to biexciton couplings is negligible.
The state of the photon pair emitted via cavity modes
can be rewritten as
|ψ〉 =
∑
k,l
[cxkl(∞)|1k〉x|1l〉x + cykl(∞)|1k〉y|1l〉y ], (20)
The coefficients c are given by the previously calculated
Eqs. (8)-(9). For state (20), the off-diagonal density ma-
trix elements in the polarization basis is written as
γ =
∫ ∫
cx∗kl (∞)cykl(∞) dωkdωl∫ ∫ |cxkl(∞)|2 dωkdωl + |cylk(∞)|2 dωkdωl . (21)
We consider a positive detuning ∆xc and a negative detun-
ing ∆yc , which are equal to the FSS, i.e., ∆
x
c = −∆yc = δx.
In this case, the biexciton to exciton transition |u〉 → |x〉
and |u〉 → |y〉 are equally detuned by −∆xx. The exci-
ton coupled with cavity modes form degenerate polariton
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FIG. 5: (Color online) The “within generation” of entan-
gled photons when the biexciton is also coupled with the
cavity modes; the biexciton binding energy is reduced to
∆xx = 0.5meV. (a) The spectrum of the photons S(ω)
for δx = 0.1meV, γ1 = 2γ2 = 0.004meV, κ = 0.05meV,
gx1 = g
x
2 = g
y
1 = g
y
2 = g = 0.1meV, and ∆
x
c = −∆
y
c =
0.1meV . The x−polarized photons are shown in blue and
the y−polarized are shown in red; also, the solid curves are
for photons generated in the exciton decay and the dotted
curves are for photons generated in the biexciton decay. (b)
The values of |γ| for generated photons, by changing ∆xc for
∆yc = −0.1meV. The red (black) curve represents the re-
sults for filtered (unfiltered) photons; the filter function cor-
responds to two spectral windows of width w = 0.15 meV,
centered at ω − ω0 = −0.45meV and ω − ω0 = −0.05meV.
states for ∆xc = −∆yc = δx. It should be noted here that
although the biexciton is more detuned, still the decay
rate of biexciton via cavity modes could be much larger
than γ1 (sum of radiative and nonradiative half width in
free space).
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FIG. 6: (color online) Same as in Fig. 4, but for within gen-
eration of entangled photons.
7In Fig. 5(a), we show the spectrum of the photons
generated in first generation (dotted lines) and in the
second generation (solid line). It is necessary that
the first generation and the second generation photons
should be well resolved spectrally, therefore a moderate
(∼ 2
√
4gx 21 + δ
2
x) binding energy of the biexciton is es-
sential for the within generation scheme of entangled pho-
tons. In this case, for ∆xc = −∆yc = δx, gx1 = gy1 = g1,
gx2 = g
y
2 = g2, and ∆xx ≫ g2, we find that the dressed
states of biexciton are given by (see appendix)
ω0xx ≈ −
(
∆xx +
2g22
∆xx
)
, (22)
ω+xx ≈ ǫ+ +
g22 cos
2 θ
∆xx + ǫ+
, (23)
ω−xx ≈ ǫ− +
g22 sin
2 θ
∆xx + ǫ−
, (24)
ω++xx ≈ −ǫ− +
g22 sin
2 θ
∆xx − ǫ− , (25)
ω−−xx ≈ −ǫ+ +
g22 cos
2 θ
∆xx − ǫ+ , (26)
where ǫ± = (−δx ±
√
δ2x + 8g
2
1)/2, and θ =
tan−1[2
√
2g1/(δx +
√
δ2x + 8g
2
1)]. Using the parameters
of Fig. 5, ω0xx = −0.54meV, ω+xx = 0.11meV, ω−xx =
−0.19meV, ω++xx = 0.20meV, ω−−xx = −0.08meV, and
the dressed states of exciton are given by ω±x = ω
±
y =
±(4g21 + δ2x)/2 = ±0.11. Both exciton states for differ-
ent polarization becomes degenerate for ∆xc = −∆yc =
δx
24,26. The schematic diagram of the dressed states is
shown in Fig.6. The spectra of the first generation pho-
tons, mostly generated in the decay of biexciton dressed
state ω0xx, have two pronounced peaks corresponding to
the frequencies ω0xx−ω±x , i.e., at -0.65 meV and -0.43 meV
in Fig. 5; there is a very small probability for generation
of photons in the transitions ω−xx → ω−x and ω−−xx → ω−y
corresponding to frequencies -0.08 meV, 0.03 meV, re-
spectively. The spectra of photons in the second gener-
ation have two peaks corresponding to dressed state of
excitons at ±0.11meV.
The calculated value of |γ| is shown in Fig. 5(b). For
tuning the cavity mode frequencies, we fix one of the de-
tunings ∆xc and ∆
y
c , and change the other. This type
of tuning has been experimentally shown using AFM ox-
idization techniques27, and note note that this scheme
would be suitable to tune a large number of cavity-QD
systems on the same chip. For this within generation
study, we find very large values of |γ| for the deterministic
generation of photons. For further distilling the entangle-
ment, spectral filters can also be used, but with a reduced
probability and efficiency. Using spectral filtering, the
maximally entangled photons can be generated with a
small reduction of probability of detection. We show the
results for spectrally filtered photons in Fig. 5(b) by the
red curve. The values of |γ| are calculated using Eq.(21)
after multiplying with the filter function (Eq. 18).
V. CONCLUSIONS
In summary, we have presented methods for across gen-
eration and within generation of entangle photons using
single QD coupled with a PC-cavity, and exploited the
fact that the biexciton binding energy can be tuned. For
zero biexciton binding energy, the concurrence for the
across generation through time delay of photons is lim-
ited by 2/e, which can be enhanced to 1 using a spectral
filter, at the expense of reduced probability. For small
biexciton binding energies, the system can be tuned for
efficient within generation of entangled photons. The
concurrence larger than 0.8 has been shown for within
generation of fast entangled photons, even without spec-
tral filtering.
APPENDIX A: DRESSED STATES OF THE
BIEXCITON
The Hamiltonian for the system of the QD coupled
with two-modes in PC-cavity, in the rotating frame with
frequency ω0 = (ωx + ωy)/2, for ∆
x
c = −∆yc = ∆, gx1 =
gy1 = g1, and g
x
2 = g
y
2 = g2, and neglecting the coupling
with environment, can be written as
HR
h¯
= −∆xx|u〉〈u|+ δx
2
(|x〉〈x| − |y〉〈y|)
−
(
∆− δx
2
)
aˆx†c aˆ
x
c +
(
∆− δx
2
)
aˆy†c aˆ
y
c
+[g1|x〉〈g|aˆxc + g2|u〉〈x|aˆxc + g1|y〉
〈g|aˆyc + g2|u〉〈y|aˆyc +H.c.]. (A1)
For the across generation of entangled photons, ∆xx =
0, we diagonalize the Hamiltonian and find the dressed
energy states of the biexciton as follows
ω0xx = 0, (A2)
ω+xx =
√
A−B, (A3)
ω−xx = −
√
A−B, (A4)
ω++xx =
√
A+B, (A5)
ω−−xx = −
√
A+B, (A6)
(A7)
with
A =
1
4
[4g22 + (2δx − 3∆)2 +∆2 + 8g21 ]
B =
1
2
√
[2g22 +∆(2δx − 3∆)]2 + 8g21(2δx − 3∆)2.
For within generation of entangled photons, ∆xx 6= 0
and ∆ = δx, from Eq.(A1) we can rewrite the Hamilto-
nian HR, in the basis of the state of the combined QD-
8cavity system as follows
HR = −h¯∆xx|u, 0, 0〉〈u, 0, 0|+ h¯g2 [|u, 0, 0〉〈x, 1, 0|
+|u, 0, 0〉〈y, 0, 1|+H.c.] +HS , (A8)
HS = −h¯δx (|g, 2, 0〉〈g, 2, 0| − |g, 0, 2〉〈g, 0, 2|)
+h¯g1
√
2 [|x, 1, 0〉〈g, 2, 0|+ |y, 0, 1〉〈g, 0, 2|
+H.c.] . (A9)
After diagonalizing HS , the eigenstates and correspond-
ing eigenvalues of HS are given by
|x+〉 = cos θ|x, 1, 0〉+ sin θ|g, 2, 0〉, ǫ+ (A10)
|x−〉 = − sin θ|x, 1, 0〉+ cos θ|g, 2, 0〉, ǫ− (A11)
|y+〉 = sin θ|y, 0, 1〉+ cos θ|g, 0, 2〉, − ǫ− (A12)
|y−〉 = cos θ|y, 0, 1〉 − sin θ|g, 0, 2〉, − ǫ+, (A13)
where ǫ± = (−δx ±
√
δ2x + 8g
2
1)/2, and θ =
tan−1[2
√
2g1/(δx +
√
δ2x + 8g
2
1)]. We can rewrite the
Hamiltonian H0 in terms of eigenstates of Hs as follows
H0 = −h¯∆xx|u〉〈u|+ h¯ǫ+(|x+〉〈x+| − |y−〉〈y−|)
+h¯ǫ−(|x−〉〈x−| − |y+〉〈y+|)
+h¯g2 cos θ [|u〉〈x+|+ |u〉〈y−|+H.c]
−h¯g2 sin θ [|u〉〈x−| − |u〉〈y+|+H.c] . (A14)
For ∆xx >> g2, we can use perturbation theory and
obtain the frequency eigenvalues
ω0xx = −∆xx − 2∆xx
(
g22 cos
2 θ
∆2xx − ǫ+2
+
g22 sin
2 θ
∆2xx − ǫ−2
)
,
≈ −
(
∆xx +
2g22
∆xx
)
, (A15)
ω+xx = ǫ
+ +
g22 cos
2 θ
∆xx + ǫ+
, (A16)
ω−xx = ǫ
− +
g22 sin
2 θ
∆xx + ǫ−
, (A17)
ω++xx = −ǫ− +
g22 sin
2 θ
∆xx − ǫ− , (A18)
ω−−xx = −ǫ+ +
g22 cos
2 θ
∆xx − ǫ+ . (A19)
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